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Terahertz pulse imaging has been used for the ¢rst time
to study basal cell carcinoma ex vivo, the most common
form of skin cancer. This noninvasive technique uses
part of the electromagnetic spectrum in the frequency
range 0.1^2.7 THz. A total of 21 samples were imaged;
the study was performed blind and results were com-
pared to histology. Each image consisted of possible
diseased tissue and normal tissue from the same patient.
The diseased tissue showed an increase in absorption
compared to normal tissue, which is attributed to either
an increase in the interstitial water within the diseased
tissue or a change in the vibrational modes of water
molecules with other functional groups. Seventeen of
the images showed a signi¢cant di¡erence between the
normal and the diseased tissue. These were con¢rmed
by histology to be basal cell carcinomas. Of the remain-
ing four cases, three showed no contrast and were con-
¢rmed as blind controls of normal tissue; the fourth
case was a suspected basal cell carcinoma but showed
no contrast, and histology showed no tumor. Cross-sec-
tions of the terahertz images, showing the terahertz ab-
sorption, were compared to histology. Regions of
increased terahertz absorption agreed well with the lo-
cation of the tumor sites. Resolutions at 1 THz of 350
lm laterally and 40 lm axially in skin were attainable
with our system. These results demonstrate the ability
of terahertz pulse imaging to distinguish basal cell
carcinoma from normal tissue, and this macroscopic
technique may, in the future, help plan surgery.
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B
asal cell carcinoma (BCC) is the most common form
of cancer worldwide in white populations and has a
reported annual incidence of over 1 million in the
U.S.A. (American Cancer Society, 2001); in the U.K.
the incidence rate has increased by 50% in the last
10 y (Holme et al, 2000). The diagnosis of BCC is based on visual
assessment; where there is doubt a biopsy may be of value and
this also provides information on the histologic subtype of the
tumor (Telfer et al, 1999). For well-de¢ned, solid, cystic, and
super¢cial BCCs, and for tumors of less than 20 mm in diameter,
surgical excision is the treatment of choice. A minimum margin
of 4 mm is required to completely excise the tumor in more than
95% of cases (Wolf and Zitelli, 1987). Ill-de¢ned, micronodular,
in¢ltrating, and sclerosing tumors may extend 15 mm or more
beyond the clinical edge. Accurate histology re£ecting all the tu-
mor margins seems to be essential to achieve cure. None of the
reported range of histologic techniques used is ideal (Rapini,
1990), but Mohs’ micrographic surgery (MMS) is probably the
best as it allows review of all the margins and same-day closure
of the defects (Shriner et al, 1998).
There are a number of advantages o¡ered by MMS. In¢ltrat-
ing, sclerotic tumors can be de¢ned accurately and the direction
of the tumor spread identi¢ed, thus conserving tissue and avoid-
ing the need for a ‘‘blind’’ wide excision. High cure rates of 99%
at 5 y in primary tumors and 96% in recurrent tumors are widely
reported using this technique. MMS is time consuming and ex-
pensive, however. Any system that could help de¢ne the histolo-
gic subtype of the BCC and direction of subclinical spread
preoperatively, without performing a biopsy, may simplify
MMS to a single layer for all but the most extensive tumors.
Several di¡erent imaging techniques are being evaluated as di-
agnostic tools for skin lesions and tumor margin assessment.
High frequency ultrasound is capable of visualizing tumor di-
mensions in vivo with axial and lateral resolutions of 80 mm and
200 mm, respectively, and a penetration depth of 7 mm (Ho¡-
mann et al, 1990; Lassau et al, 1997). The technique does not have
chemical speci¢city, however, and cannot di¡erentiate between
benign and malignant skin lesions, and so its role may be limited
(Fornage et al, 1993; Ho¡mann et al, 1999).
Magnetic resonance imaging usually only provides useful in-
formation when the tumor extends more than 15 mm below the
surface (Heinritz et al, 1995). In vivomeasurements on human skin
using magnetic resonance microscopy with axial and lateral reso-
lutions of 19 mm and 78 mm, respectively, and a penetration depth
of 800 mm have been reported (Song et al, 1997). Problems asso-
ciated with this technique, however, e.g., the use of a whole body
imaging machine, high costs, system complexity, acquisition
time, and patient claustrophobia, currently make it unsuitable
for imaging skin cancer (Bushberg, 1994; Price, 1999).
Near infrared (NIR) imaging techniques (wavelength range
0.7^2 mm) include optical coherence tomography (OCT) and
confocal microscopy. Both provide information about the struc-
ture of tissue at depth. OCT is capable of visualizing architectural
changes in tissue at spatial resolutions of 10 mm, with a penetration
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depth of less than 1 mm (Schmitt et al, 1995). It is very di⁄cult
to di¡erentiate in£ammatory processes, cancer, and scarring,
however, using OCT (Kuranov et al, 2002). Confocal microscopy
is a high resolution, real-time imaging technique, able to visua-
lize cellular and nuclear detail in vivo, at lateral and axial resolu-
tions of 1^2 mm and 3^5 mm, respectively, with a penetration
depth of 250^300 mm (Rajadhyaksha et al, 1995; Rajadhyaksha
and Zavislan, 1998; Huzaira et al, 2001). The current small ¢eld of
view, 250 250 mm, prevents macroscopic visualization of tumor
margins, but by tiling individual frames to form a mosaic, larger
¢elds can be viewed ex vivo (Rajadhyaksha et al, 2001). NIR light
is highly scattered by tissue structures on a similar scale as the
wavelengths used, e.g., cells, membranes, nuclei, and collagen.
Both of these NIR techniques rely on backscattered photons to
form images. Therefore, a major limitation of these techniques is
the poor penetration due to loss of signal after a few hundred
microns. Scattering of light by tissue is less of a problem at longer
wavelengths.
The terahertz (THz) gap, typically de¢ned as the frequency
range 0.1^10 THz, corresponding to a wavelength range of
3 mm to 30 mm, was a previously unexplored region of the electro-
magnetic spectrum, owing to a lack of suitable sources and detec-
tors (Arnone et al, 1999; Cole et al, 2001). This frequency range is
of particular interest as it excites the intermolecular interactions,
such as the librational and vibrational modes of molecules
(Zelsmann, 1995), providing spectroscopic information.
Terahertz pulse imaging (TPI) is a noninvasive, coherent opti-
cal imaging modality that explores this frequency region and has
a current usable range of 0.1^2.7 THz, 3 mm to 110 mm in wave-
length.These wavelengths are signi¢cantly larger than the scatter-
ing structures in tissue; therefore we assume that scattering e¡ects
are negligible. The current lateral and axial resolutions attainable
with our system at 1 THz are 350 mm and 40 mm, respectively,
making it a viable imaging modality. As TPI is a coherent, time
gated, low noise technique, both phase and amplitude informa-
tion can be obtained, from which the absorption and refractive
index of a medium can be determined. This enables TPI to pro-
vide both structural and functional information, due to chemical
speci¢city. Through examination of the terahertz waveform in
both the time and frequency domains, TPI may prove advanta-
geous in distinguishing type, lateral spread, and depth of tumors.
The purpose of this study was to determine whether TPI could
di¡erentiate between BCC and normal tissue and to test whether
it can help with the demarcation of BCC margins prior to MMS.
Twenty-one samples were analyzed and time-domain analysis
techniques were used to produce the two-dimensional terahertz
images. Terahertz cross-sections of the diseased tissue were then
compared to histology to determine whether the increase in the
terahertz absorption observed correlated with the location of the
tumor sites.
MATERIALS AND METHODS
Tissue preparation Excised skin tissue was obtained from the
Department of Dermatology at Addenbrooke’s Hospital, Cambridge,
U.K. All patients (aged 29^77, mean age 60713 y; 13 males and eight
females) were undergoing MMS for clinically ill-de¢ned, incompletely
excised, or recurrent BCCs. Obvious tumor was removed prior to the
¢rst layer of MMS and sent for TPI. Excess normal skin was obtained
during reconstruction and was located close to the tumor site. All tissue,
including the normal skin, was stored in keratinocyte culture medium
(Gibco BRL Keratinocyte-SFM, Life Technologies, Scotland), refrigerated
at 41C, and imaged within 10 d of excision. Keratinocyte culture medium
was chosen as it was felt least likely to alter the skin tissue. Appropriate
consent was obtained for the study; all patient material was made
anonymous and returned to Addenbrooke’s Hospital for histology or
disposal.
The study was performed blind. A sample consisted of a piece of
suspected BCC and normal tissue, taken from the same patient. Prior to
imaging, excess £uid was removed from the skin samples using lint-free
paper. The diseased and normal tissue were placed side by side, inside the
sample holder, as shown in Fig 1. The skin was placed in direct contact
with the quartz window (diameter 25 mm, thickness 2 mm), with the
top surface of the skin facing the incident terahertz radiation. No
immersion medium was used between the quartz window and the tissue,
and air gaps were minimized. A small piece of sponge held the tissue in
place and £at against the window. A retaining ring was placed on the
window to prevent tissue movement and provide a level platform for the
polythene disc, which was placed on top of the sponge and secured by a
retaining plate. This airtight holder prevented the tissue from drying out
during imaging. After imaging, the tissue was photographed, removed
from the sample holder, placed in formalin, and submitted for routine
histology.
TPI system TheTPI system used re£ection geometry, as shown in Fig 2.
Optical excitation was achieved using a Ti:sapphire laser (RegA 9000,
Coherent, CA) emitting 250 fs pulses centered at a wavelength of 800
nm, with a 250 kHz repetition rate. A 50:50 beamsplitter separated the
pulses into two beams, an excitation beam and a detection beam.
Generation of the terahertz was achieved by optical excitation of a
gallium arsenide wide aperture (1 mm) antenna, biased at 1 kV (Van Exter
and Grischkowsky, 1990). This gave a usable frequency range of 0.1^2.7
THz with an average power of approximately 1 mW (Cole et al, 2001).
The terahertz pulses were collimated and focused onto the tissue by a
pair of o¡-axis parabolic (OAP) mirrors. The sample holder was mounted
on a ¢xed plate, as indicated in Fig 2. The angle of re£ection was 301 to the
normal. The terahertz pulses re£ected from the tissue were re-collimated
using another pair of OAP mirrors and focused onto a 1 mm thick zinc
telluride crystal, collinear with the detection beam. Detection was
achieved using electro-optic sampling (Wu and Zhang, 1995), as indicated
in Fig 2. In the presence of terahertz radiation, birefringence is induced in
the zinc telluride crystal, which causes a change in polarization of the
detection beam from circular to elliptical. A polarizer, quarter waveplate,
Figure1. Sample holder. Cross-sectional schematic of sample holder. DT
^ diseased tissue, NT ^ normal tissue.Tissue is placed directly on the quartz
window.
Figure 2. Terahertz Pulse Imaging (TPI) system. Schematic diagram
of the TPI system in re£ection geometry. AO ^ acousto-optic modulator;
OAP ^ o¡-axis parabolic mirrors; ZnTe ^ zinc telluride; WP^l/4 quarter
waveplate; DIOUT ^ di¡erence in output current from balanced photo-
diodes. The THz optics, which are scanned in the x^y plane, are marked
by the dashed box. The sample holder is placed on the ¢xed plate.
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andWollaston prism separate the two orthogonal states, and the change in
polarization is detected by the balanced photodiodes. In the presence of
terahertz radiation a nonzero output current DIOUT results (Fig 2). As the
e¡ect is linear and instantaneous the output current is directly proportional
to the terahertz electric ¢eld. To improve the sensitivity, the generation
beam was chopped with an acousto-optic modulator so that lock-in
techniques could be used. By sweeping the optical delay through the
entire terahertz pulse at a rate of 20 Hz, the time-domain terahertz
waveforms were obtained. The frequency-domain spectra were retrieved
using fast Fourier transforms. The entire terahertz optics, indicated by the
dashed box (Fig 2), were raster-scanned in the x^y plane to form an
image.
To remove any system response, the raw terahertz waveform of the tissue
at each pixel was divided by a reference waveform in the frequency domain
and a numerical bandpass ¢lter was applied to remove high and low
frequency noise. The resultant deconvolved waveform and the raw
terahertz waveform of skin tissue, in the time domain, are shown in Fig 3.
The system had a lateral resolution of 130 mm to 3.7 mm over the
wavelength range of 110 mm to 3 mm, which, in the far-¢eld scanning
plane, is di¡raction limited. The time resolution of 0.5 ps was limited by
the laser pulse duration; assuming a refractive index of 4 in skin tissue in
this frequency range, an axial resolution of approximately 40 mm close to
the skin surface can be achieved. To reduce any noise from laser £uctuations
the waveform was averaged four times per pixel. The signal-to-noise ratio
was approximately 6000:1. The time-domain waveform acquired
information to a depth of the order of 1 mm into the skin samples (Cole et
al, 2001), which was su⁄cient for tissue analysis. The maximum recorded
energy incident on a skin sample, with a spot diameter of 350 mm using
our 1 mW source, was 2104 J per m2, which takes into account the beam
overlap in each pixel when scanning in the x^y plane. The average exposure
time over all samples was 500 ms. The incident energy is over 1000 times
lower than the maximum permissible exposure at similar frequencies (EN
60825^1, 1994). Cultured keratinocytes irradiated for longer times have
shown no adverse change (Clothier, 2002); therefore we assume the skin
samples are una¡ected by the terahertz radiation.
Data analysis and statistical methods The terahertz images were
generated using an analysis technique called time post pulse (TPP), where
TPP¼E(t)/E(min), as shown in Fig 3. This method uses the deconvolved
waveform at each pixel in the time domain. TPP normalizes the impulse
function at a time t, E(t), by the minimum peak value, E(min) (Fig 3).
This time-domain analysis technique allows for the direct comparison of
the relative change of terahertz waveforms and has been shown to
di¡erentiate between diseased and normal tissue (Woodward et al, 2002).
As the terahertz pulse propagates through an absorptive medium, such as
skin tissue, it broadens in time (Cole et al, 2001). The greater the absorption
is, the greater the broadening of the terahertz pulse, which results in a
larger TPP value.
The terahertz images in Fig 4 were produced by plotting the TPP value
at a particular time t at each pixel over the area scanned. Typically, t was
chosen to provide the best contrast between the diseased and normal
tissue. The mean and standard deviation of the TPP values were calculated
for areas de¢ned within the diseased (d1, d2) and normal (n1, n2) tissue
regions marked by the solid boxes in the terahertz images of Fig 4, and
are displayed by the histograms, also in Fig 4. A t test was performed
between the diseased and normal areas to determine the statistical
signi¢cance of the terahertz contrast observed between them (Barlow,
1989). If the TPP value in the suspected BCC was signi¢cantly greater
than the normal skin tissue at the po0.001 level, the terahertz contrast
was positive and the tissue was de¢ned as diseased.
A suture placed on the edge of the BCC allowed orientation of the
histology sections and acted as a reference point for both the visible and
terahertz images. The histology cross-section was taken from the suture
location through the center of the tumor, as indicated by the dotted white
line on the visible images in Fig 4. A similar cross-section was taken
through the terahertz images, and the TPP value was plotted as a function
of distance from the suture location. This we de¢ne as the terahertz
absorption pro¢le. A comparison between the histology sections and the
terahertz absorption pro¢les is shown in Fig 5.
RESULTS
Sample 1 is from a patient with a primary, clinically ill-de¢ned
BCC on the nasal bridge, 7 mm in diameter (Fig 4a). The visible
image shows an annular area of erythema in the diseased tissue,
which is indicated by a solid boundary. The false color terahertz
image shows a strong contrast between the diseased tissue (solid
boundary), shown as yellow and red ‘‘hot spots’’, and the normal
tissue (dashed boundary), which shows a uniform green color
throughout. This contrast is not as evident in the visible image.
In the histogram, the mean TPP values of the two diseased
regions are signi¢cantly larger than those of the normal tissue.
Figure 5(a) compares the histology section to the terahertz
absorption pro¢le, calculated by plotting the TPP value along
the dotted white line marked in Fig 4(a). The histology shows a
nodular BCC, and the suture is indicated on the left with an X.
The terahertz absorption pro¢le shows a maximum in absorption
6 mm from the suture, indicating diseased tissue, which correlates
well with location of the tumor in the histology section.
Sample 8 is from a patient with a primary, micronodular tu-
mor 15 mm in diameter, located on the upper lip and involving
the left portion of the philtrum (Fig 4b). The visible image shows
an area of erythema, located in the lower and lateral pole of the
diseased tissue, but the remainder appears normal. The false color
terahertz image exhibits contrast between the diseased and nor-
mal tissue. The tumor appears to extend beyond the region of
in£ammation seen clinically. An area of possibly normal tissue is
also evident in the terahertz image amongst the tumor, indicated
by a lighter, green circular region. The normal tissue shows uni-
form contrast throughout. The mean TPP values for the selected
areas of diseased and normal tissue, displayed in the histogram,
show statistically signi¢cant di¡erences between the diseased and
normal tissue, although the contrast is not as marked as in Sample
1. Figure 5(b) demonstrates the similarity between histology and
the terahertz absorption pro¢le. In the histology section, the scat-
tered in¢ltrates of micronodular BCC are present close to the su-
ture and a region of normal tissue is identi¢ed within the tumor.
Figure 3. Raw and deconvolved THz waveforms. Typical THz wave-
forms of skin tissue in the time-domain for a single pixel. The deconvolved
THz waveform shows the time post pulse (TPP) analysis technique,
TPP¼E(t)/E(min), where E(t) is the impulse function at time t and
E(min) the minimum impulse function.
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Figure 4.Visible and THz images. A comparison between the visible images, on the left, and the THz images, on the right, of samples 1, 8 and 12. The
diseased tissue, on the left of the visible image, is marked by a solid boundary, the normal tissue on the right by a dashed boundary. The dotted white line
indicates the axis of the vertical histology section. The white ‘x’ marks the location of the suture. The histograms show the mean TPP value, and the error
bars its resultant standard deviation in the areas highlighted by the boxes in theTHz images, in which‘x’marks the location of the suture. Equal size areas d1
and d2 were located on the diseased tissue, and n1 and n2 on the normal tissue.
Figure 5. Histology sections and THz absorption pro¢les. In the vertical histology sections at the top of the ¢gure, ‘x’marks the location of the suture
and n the tumour sites. In b), sample 8, the tumour sites are marked as they are di⁄cult to locate histologically, #-chronic intradermal in£ammation. The
THz absorption pro¢les on the bottom of the ¢gure, orientated to histology, show theTPP value along the white dotted lines marked in the visible images
of Figure 4. The black dashed line marks the maximumTPP value including its standard deviation, from the histograms of Figure 4. Below the dashed
black line the tissue is expected to be normal.
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There is chronic intradermal in£ammation in the area furthest
from the suture. In the terahertz absorption pro¢le, the increase
in the TPP value correlates well with the location of tumor sites
seen histologically, but interestingly absorption is less in areas of
in£ammation.
Sample 12 (Fig 4c) is from a patient with a highly in¢ltrating
tumor 2515 mm, located on the chin. The visible image shows
no obvious tumor and the normal tissue was marked with ink by
the surgeon during reconstruction. In the terahertz image a very
strong contrast is observed between the diseased and normal tis-
sue. The diseased area, shown in red, covers two-thirds of the tis-
sue, and is predominantly away from the suture. Figure 5(c)
shows the histology and terahertz absorption pro¢le. In the
histology section, normal tissue is evident in the region closest
to the suture. The remainder of the tissue is entirely diseased;
the tumor extends to a depth of approximately 0.7 mm below
the epidermis involving the subcutaneous fat and muscle. The
terahertz absorption pro¢le agrees well with histology, with
a marked increase in the TPP value in the location of the
tumor.
Table I summarizes the results from all 21 samples imaged.
Four samples (6, 10, 16, 21) showed no increase in terahertz absorp-
tion and were identi¢ed as being no di¡erent statistically from
normal tissue using TPI. Sample 6 was a re-excision of an appar-
ently incompletely excised BCC, but histology con¢rmed no re-
sidual tumor. Samples 10, 16, and 21were samples of normal tissue
included by the surgeon as blind controls.
There were concerns that storage in culture medium may
change or enhance the contrast in the terahertz images. A clini-
cally well-de¢ned BCC was excised from the right temple of a
92-y-old female patient and imaged within 5 min of surgery,
without storage in keratinocyte culture medium. Similar patterns
and levels of contrast were seen, as with all previous cases, and the
terahertz contrast correlated well with histology (Fig 6). These
¢ndings indicate that the contrast observed is unlikely to have
been in£uenced by the storage conditions.
DISCUSSION
The study describes the application of TPI for imaging BCC
ex vivo over a region of the electromagnetic spectrum not inves-
tigated previously.The BCCs showed an increase in absorption of
terahertz compared to normal tissue. The level of contrast ob-
served in the terahertz images was su⁄cient to identify tumor
margins when compared to histology.The source of this contrast,
however, is still under investigation.
Recent studies have shown that the di¡erence in the terahertz
time-domain waveform between diseased and normal tissue is re-
latively narrow (Woodward et al, 2002). This narrow di¡erence in
time results in a broadband change in the frequency domain.
Simple diatomic polar molecules, e.g., water, readily absorb tera-
hertz radiation (Smye et al, 2001).Water has a strong broadband
absorption around 6 THz, arising from the stretching of the hy-
drogen bond between molecules, the tail of which extends to the
lower frequencies, with signi¢cant absorption in the operating
Table I. Results for all samples imaged within 10 d of excision
Patient (sample) Age (y) Sexa Diseased area (mm2) Number of pixels in area Site Histologic subtype Terahertz contrast
1 43 M 4.80 30 Nasal bridge In¢ltrative nodular Diseased
2 57 F 9.18 80 Left ala In¢ltrative Diseased
3 55 F 5.02 90 Nasal tip Micronodular Diseased
4 63 F 5.77 70 Nasal tip Nodular Diseased
5 64 F 11.31 120 Nasal tip Recurrent in¢ltrative Diseased
6 52 F 10.64 112 Forehead Normal Normal
7 64 M 7.98 84 Right ala In¢ltrative Diseased
8 29 F 6.62 70 Left upper lip In¢ltrative micronodular Diseased
9 39 M 15.50 168 Left side nose Recurrent in¢ltrative Diseased
10 63 M 19.05 40 Nasal tip Normal Normal
11 60 M 12.86 36 Right nasal tip In¢ltrative Diseased
12 58 M 9.37 48 Central chin In¢ltrative Diseased
13 66 F 15.61 80 Right lower lid In¢ltrative Diseased
14 57 M 13.51 70 Left upper pinna In¢ltrative Diseased
15 62 M 11.43 60 Left postauricular In¢ltrative Diseased
16 76 M 22.87 120 Right preauricular Normal Normal
17 72 F 14.12 96 Nasal bridge In¢ltrative Diseased
18 76 M 14.12 90 Right upper lip In¢ltrative Diseased
19 46 M 6.59 42 Left ala Morphoeic Diseased
20 77 M 13.16 120 Nasal tip In¢ltrative Diseased
21 77 M 13.16 120 Nasal tip Normal Normal
aM, male; F, female.
Figure 6. Ex vivo study of basal cell carcinoma without immersion
medium. An ex vivo study of basal cell carcinoma, imaged immediately
after excision without immersion in any culture medium. The THz image
is oriented to the visible image. The dotted white line indicates the axis
of the vertical histology section. The white ‘x’ marks the location of the
suture. The THz absorption pro¢le is oriented to histology, where n marks
the tumour.
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range of our TPI system (Thrane et al, 1995; Zelsmann et al, 1995).
Increased water content in malignant tissues has been observed in
many other di¡erent tumor types, and is commonly used as a
marker for malignancy (Ross and Gordon, 1982; Chen et al,
1992; Rofstad et al, 1994).
Investigations in the mid-infrared between BCC and normal
tissue have found BCCs to display reductions in the hydrogen
bonding between functional groups of amino acids (Je¡rey,
1997). In malignant tissue signi¢cant fractions of the phosphate
groups, originating mainly in phosphodiester groups of nucleic
acids, were found to be hydrogen bonded, and the ratio of methyl
(CH3) to methylene (CH2) was also found to decrease (Wong
et al, 1993). Raman spectroscopy has shown that these changes
may result from di¡erences in the molecular structure of proteins
and lipids between neoplastic and normal tissue (Gniadecka et al,
1997). The changes in absorption arising from vibrations within
larger molecules, such as proteins, may be caused by a change in
the hydrogen bonds between these larger functional groups and
water molecules.
At NIRwavelengths between 1100 and 2500 nm, the absorp-
tions arise from overtones and combination bands of the molecu-
lar vibrations of C^H, N^H, and O^H groups (McIntosh et al,
2001). Previous investigations of skin lesions using NIR spectro-
scopy have identi¢ed water to be a dominant feature in the iden-
ti¢cation of disease tissue, where a change in the amount or
binding of water occurs between some types of lesions and con-
trol tissue (McIntosh et al, 1999; 2001). The major components of
skin are proteins, proteoglycans, and water. The water is found
either free or bound to the surface of proteins, like collagen. The
observed increase in terahertz absorption is most probably due to
either an increase in interstitial water within the diseased tissue
(Lahtinen et al, 1999) or a change in the vibrational modes of
water molecules with other functional groups.
Real-time in vivo stratum corneum thickness measurements on
the palm of the hand, at a depth resolution comparable to OCT,
have already been achieved using our TPI system (Cole et al,
2001). The lateral resolution of TPI is inferior to NIR techniques
as a result of the di¡raction limitation at longer wavelengths, but
the technique does not su¡er problems due to scatter. Near ¢eld
transmission measurements using terahertz have already achieved
lateral resolutions of 55 mm (Han et al, 2000). Improvements in
terahertz generation and detection e⁄ciency, and the develop-
ment of TPI systems with greater bandwidths, are under way.
These developments promise greater depth resolution and im-
proved axial resolution, along with increased spectral content.
The ability of TPI to di¡erentiate tumor types and in£ammation
and to identify skin adnexae, such as sebaceous glands and hair
follicles, is being investigated.
A pixel acquisition rate of 40 Hz is already possible, allowing
for real-time line scanning using our system. Real-time imaging
of an area using mechanical scanning does have its limitations.
Others have shown that a CCD camera can be used to acquire
spectral information incrementally over many pixels, however,
which could reduce imaging time (Wu et al, 1996; Jiang and
Zhang, 1998).
There is a need for a system to de¢ne the histologic subtypes of
skin tumors, and determine subclinical margins preoperatively, to
make MMS less time consuming and hence less expensive. Sev-
eral promising imaging techniques are investigating dysplastic
tissue and skin cancer, such as confocal microscopy and OCT.
Both can provide high resolution detailed images but no techni-
que has yet been able to identify tumor margins macroscopically
without the use of image reconstruction.The ability to image tu-
mors macroscopically using TPI allows a direct comparison be-
tween the terahertz and clinical images. The lateral and axial
resolutions and the ability to image large areas up to 2525
mm in less than 5 min is su⁄cient for TPI to play a role in iden-
tifying tumor margins. The current resolution of TPI may limit
the detection of small tumors, however. TPI may potentially
complement other techniques with better resolution, like confo-
cal microscopy and OCT.
CONCLUSION
The results presented here demonstrate the ability of TPI to dis-
tinguish between BCC and normal tissue using the TPP analysis
technique. This technique is the ¢rst to be used to identify BCC
macroscopically in the terahertz frequency regime; it provides
both structural information and chemical speci¢city. Of the 21
samples imaged, the 17 exhibiting BCC were successfully identi-
¢ed. For the remaining four samples no signi¢cant di¡erence in
contrast was observed in the terahertz images between the sus-
pected diseased tissue and the normal skin, and the suspect tissues
were all subsequently con¢rmed normal histologically. The in-
crease in absorption observed in the diseased tissue may be attrib-
uted to either an increase in the interstitial water within the
diseased tissue, or a change in the vibrational modes of water mo-
lecules with other functional groups. This makes water seem an
important molecular marker for TPI. Our results represent a
new application for the use of terahertz radiation in distinguish-
ing carcinoma from normal tissue. Additional investigations are
required to fully understand the source of this contrast and deter-
mine the role of TPI for tumor margin assessment.
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